We studied the impact of wall strain and surrounding pressure on the onset of airflow limitation in a thin-walled "floppy" tube model. A vacuum sourcegenerated steady-state (baseline) airflow (0 -350 ml/s) through a thin-walled latex tube (length 80 mm, wall thickness 0.23 mm) enclosed within a rigid, sealed, air-filled, cylindrical chamber while upstream minus downstream pressure, chamber pressure (Pc), and lumen geometry [in-line digital camera; segmentation (Amira 5.2.2) and analysis (Rhinoceros 4) software] were monitored. Longitudinal strain (S; 0 -62.5%) and Pc (0 -20 cmH2O) combinations were imposed, and Pc associated with onset of 1) reduced airflow and 2) fully developed airflow limitation recorded. At any strain, increasing Pc resulted in a decrease in airflow. Across all baseline airflow, threshold pressure was 1-7 cmH2O for S Ͻ 25%, 6 -8 cmH2O at S ϭ 25% and 37.5%, and 5-7 cmH2O at S ϭ 50% and 62.5%. Pc associated with fully developed airflow limitation was 4 -6 cmH2O for S Ͻ 25%, Ͼ20 cmH2O at S ϭ 25% (i.e., no flow limitation), 18 cmH2O at S ϭ 37.5%, and 8 -12 cmH2O at S ϭ 50% and 62.5%. Lumen area decreased with increasing Pc but was 1) larger at S ϭ 25% and 2) characterized by bifold narrowing at S Ͻ 25% and trifold narrowing at S Ն 25%. In conclusion, tube function was modulated by Pc vs. S interactions, with S ϭ 25% producing trifold lumen narrowing, maximal patency, and no airflow limitation. Findings may have implications for understanding peripharyngeal tissue pressure and pharyngeal wall strain effects on passive pharyngeal airway function in humans. upper airway; Starling resistor; flow limitation; tissue pressure; tracheal displacement OBSTRUCTIVE SLEEP APNEA is a disease characterized by repetitive, sleep-related, hypopnoic, and/or apneic events linked to pharyngeal airway narrowing and/or closure. A major pathophysiological feature is the development of airflow limitation, whereby increased respiratory effort fails to result in increased airflow. A number of previous investigators (1, 8, 12, 13, 16, 29, 30, 45) have used theoretical and physical models to examine the mechanistic basis for the development of airflow limitation in the passive pharyngeal airway, particularly through exploration of interactions between intraluminal pressure, airway lumen size, and airway wall stiffness. The most common of these models is based on the "floppy" tube Starling resistor concept (6, 28).
upper airway; Starling resistor; flow limitation; tissue pressure; tracheal displacement OBSTRUCTIVE SLEEP APNEA is a disease characterized by repetitive, sleep-related, hypopnoic, and/or apneic events linked to pharyngeal airway narrowing and/or closure. A major pathophysiological feature is the development of airflow limitation, whereby increased respiratory effort fails to result in increased airflow. A number of previous investigators (1, 8, 12, 13, 16, 29, 30, 45) have used theoretical and physical models to examine the mechanistic basis for the development of airflow limitation in the passive pharyngeal airway, particularly through exploration of interactions between intraluminal pressure, airway lumen size, and airway wall stiffness. The most common of these models is based on the "floppy" tube Starling resistor concept (6, 28) .
A Starling resistor consists of a thin-walled elastic tube enclosed within a chamber. As in any tube, airflow is generated in response to a pressure gradient along its length [i.e., the difference between upstream (Pu) and downstream (Pd) pressure]. However, because the tube is thin-walled and elastic (i.e., floppy), a unique feature of the Starling resistor is that flow rate through the tube is also influenced by the surrounding chamber pressure (Pc). For a given Pc, three potential conditions exist: 1) Pu Ͼ Pd Ͼ Pc, in which case flow rate through the tube is a function of Pu Ϫ Pd; 2) Pu Ͼ Pc Ͼ Pd, which promotes tube wall buckling and lumen narrowing leading to the development of airflow limitation, whereby flow rate becomes independent of Pd and a function of Pu Ϫ Pc; and 3) Pc Ͼ Pu Ͼ Pd, in which case the tube may close, resulting in cessation of airflow. Implicit in this analysis is the concept that the tube remains floppy; i.e., the Starling resistor model (as developed above) does not include an expression for compliance of the tube wall. If tube wall compliance alters, through, for example, 1) changes in longitudinal wall tension [either independently or during lumen narrowing (34) ] and/or 2) the impact of lumen collapse geometry [e.g., wall folding pattern (7) ], then the Pu vs. Pd vs. Pc interactive conditions required for the onset of airflow limitation and flow cessation will be modified. These interactions, including the response to changes in Pc as an independent variable, are not typically included in Starling resistor-based physiological analyses of upper airway function, yet they have particular resonance for human upper airway function because of postulated effects of tube wall strain and surrounding tissue pressure levels, most notably in relation to the impact of lung volume-related tracheal traction forces.
In their application of the Starling resistor concept, Rowley et al. (30) proposed that increasing lung volume results in caudal tracheal displacements that help prevent upper airway lumen narrowing by both decreasing surrounding pressure (i.e., peri-pharyngeal tissue pressure) and increasing upper airway wall stiffness, the latter mediated via increased longitudinal pharyngeal wall tension resulting from increased longitudinal strain (stretch). Using an animal model, our laboratory has confirmed that caudal tracheal traction both reduces peripharyngeal tissue pressure and decreases the collapsibility of the passive upper airway (17) . However, this improvement in airway function was not entirely explained by the measured tissue pressure reduction (17) , suggesting that additional mechanisms, such as strain-related longitudinal wall tension, may indeed play an important role (17) . The theoretical impact of peri-pharyngeal tissue pressure on pharyngeal airway patency has long been recognized (15, 32) , but there are few experimental studies. In animal models, we and others have demon-strated that this pressure can be modified by application of other mechanical forces such as changes in neck position (19) , mandibular advancement (20) , and acute changes in peripharyngeal tissue volume (18, 44) , all resulting in impacts on upper airway function (18 -20, 44) . However, there has been little analysis of the independent, but interactive, effects of peri-pharyngeal tissue pressure and wall strain, as exemplified in current theories linking lung volume and upper airway function.
To better understand these interactions, we developed a physical Starling resistor model in which surrounding pressure and wall strain could be manipulated as independent variables and the resultant effects on tube lumen geometry and function (pressure-flow relationships) examined. In particular, we focused on the early phases of tube function degradation by measuring Pc and strain levels associated with the onset and development of airflow limitation. A digital camera (Logitech, QuickCam Pro 4000, 1.3 megapixels) was attached to the model (opposite to the pneumotachograph) via a rigid polyester tube (L ϭ 320 mm, ID ϭ 15 mm, OD ϭ 26 mm) with several equally spaced holes along its length and circumference, exposing the latex tube to atmospheric pressure at this end. At the model inlet, the polyester tube had no holes for a length of 125 mm leading up to the model. The focal point of the camera was maintained at the longitudinal center of the tube for each strain.
METHODS

Model description.
Protocol. The tube was stretched progressively to reach steadystate strain values of 0, 6.25, 12.5, 25.0, 37.5, 50.0, and 62.5% (i.e., L e Ϫ L0 ϭ 0, 5, 10, 20, 30, 40, and 50 mm, respectively). At each strain level and with Pc ϭ 0 cmH2O, a range of initial steady-state baseline airflow levels (V 0; 0 -350 ml/s) were applied stepwise in 50 ml/s intervals. Once each individual strain and V 0 level combination was established, graded Pc were then applied in 1 cmH2O increments from 0 to 10 cmH 2O and then in 2 cmH2O increments from 10 to 20 cmH2O, while the resultant steady-state airflow, Pu, Pd, and tube lumen image data were recorded. Airflow (V ) was generated through the thinwalled tube using a vacuum source, whereas upstream and downstream pressures (Pu and Pd) were measured at ports located on rigid connectors attached (details not shown) to each end of the tube. Tube and connectors were enclosed in a sealed, air-filled chamber. Injection or removal of air from the chamber was used to set chamber pressure (Pc) at the desired level. Incremental strain was applied by moving the connectors apart, thus stretching the tube (⌬L). The connectors could slide within the sealed chamber in a piston-like arrangement while the chamber seal was maintained via an O-ring mounted on the external surface of each connector. A digital camera, mounted on one end of the model, acquired images of the tube lumen. B: actual device with tube at baseline initial length (L0; left) and extended length (Le; right).
Data acquisition. Pressure and flow signals were sampled at 4 kHz and digitized with a 16-bit, 16-channel analog-to-digital converter (Powerlab 16/30; ADInstruments, Sydney, Australia) and displayed and stored onto a computer system (Chart v5.1 from ADInstruments and Apple PowerPC G5). Tube lumen images were acquired (QuickCapture v1.0, Logitech; 0.2 s capture time) and stored in JPEG format (1,280 ϫ 960 pixels) on the computer hard drive.
Data analysis. For each Pc application, 5 s of steady-state data were analyzed. Data were organized in two ways. First, data were grouped by V 0 and then sorted by strain. This allowed isostrain relationships for airflow vs. Pc to be developed for each V 0 value. From these data, the measured Pc level occurring immediately before the detection of a reduction (with increasing Pc) in airflow from the set V 0 level was recorded. This value was considered to represent the Pc level associated with the onset of tube function failure and the beginning of the first stage in the development of airflow limitation ( Fig. 2A) . Second, data were grouped by strain and then sorted by Pc, thus allowing iso-Pc flow plots [i.e., Pu Ϫ Pd (Pu-d) vs. airflow] to be developed for each strain condition. From these data (i.e., for each strain condition), we recorded the Pc value at which airflow limitation was first fully developed (PFL; Fig. 2B ). From the lumen image data, the cross-sectional area of the tube lumen for each strain, V 0, and Pc combination were measured using image processing (Amira v5.2.2, Visage Imaging) and computer-assisted design software (Rhinoceros v4, Robert McNeel and Associates).
RESULTS
Pc at onset of flow reduction.
Graded increases in Pc led to reductions in airflow from V 0 values across all study conditions. Pc at onset of flow reduction (PTH) values were lowest (1-5 cmH 2 O) for conditions characterized by low strain (Ͻ25%) and high V 0 (Ͼ200 ml/s), reached higher values (6 -8 cmH 2 O) with strain 25-37.5% across all V 0 , but were maximal for low V 0 (Ͻ200 ml/s) and then decreased to 5-6 cmH 2 O for high strain (50 -62.5%) and high V 0 conditions (Ͼ200 ml/s). PTH values across all V 0 and strain conditions are presented in Fig. 3 .
Pc at fully developed flow limitation. PFL was 4 -6 cmH 2 O for strains Ͻ25%, increased to Ͼ20 cmH 2 O at 25% strain (i.e., no flow limitation detected over the range of Pc used), and then fell to 8 cmH 2 O at 62.5% strain (Fig. 4) .
Pressure-flow relationships. Pressure-flow relationships across all Pc and strain values are shown as two-dimensional plots grouped by strain level in Fig. 5 and then as a composite three-dimensional plot for five Pc levels in Fig. 6 . At strain levels Ͻ25%, graded increases in Pc resulted in graded reductions in airflow, with onset of flow limitation occurring at progressively lower airflow levels. However, at 25% strain, the effect of increasing Pc was damped, such that flow limitation did not fully develop at any applied Pc. For strain levels Ͼ25%, fully developed flow limitation was again a feature.
Lumen cross-sectional area and wall folding geometry. As Pc increased, lumen cross-sectional area progressively decreased across all strain and V 0 conditions (see Fig. 7 for representative data). Notable features of these relationships are 1) minimum cross-sectional area occurs at low Pc (6 -8 cmH 2 O) for strains Ͻ25% and at high Pc (Ͼ14 cmH 2 O) for all other strain levels and 2) maximal cross-sectional area occurs predominantly at 25% strain across all Pc but is most marked for Pc Ͻ10 cmH 2 O and V 0 Ͼ50 ml/s. Lumen geometry with increasing Pc was characterized by bifold narrowing at low strains, transitioning to fully developed trifold narrowing at strain 25% and above (Fig. 8) .
DISCUSSION
This study demonstrates that, in a thin-walled tube bench model, there is a complex interaction between longitudinal tube wall strain and surrounding Pc. At any strain, increasing Pc from 0 to 20 cmH 2 O resulted in 1) decreased tube lumen cross-sectional area, 2) decreased airflow, and 3) increased Pu-d. However, at strains from 25 to 37.5%, Pc values associated with the onset of reduced airflow, Pc at the point of fully developed flow limitation, and lumen cross-sectional area were all at local maxima. In fact, the Pc associated with flow limitation for 25% strain was greater than the range of applied Pc (i.e., no flow limitation observed). Tube lumen geometry was characterized by bifold narrowing at strains Ͻ25% and trifold narrowing for strains Ն25%.
Model limitations. In our model, Pc was static and uniform; however, previous studies in animal models have demonstrated that the peripharyngeal tissue pressure is nonuniformly distributed (17, 19 -21, 43) and fluctuates with respiration (19, 43) . Nonetheless, the collapsible tube model reveals similarities in behavior to the passive upper airway, such as nonlinear pressure-flow relationships and development of flow limitation (4, 6), both of which occur physiologically in the passive pharynx (14, 32, 35) . Also in our model, longitudinal tension was not directly measured. However, in-house mechanical testing of a similar section of latex tube material demonstrates that an increase in force (load) is required to elongate the tube, implying an increase in longitudinal tension with increases in longitudinal strain, although the relationship is nonlinear (see online supplement for more information; supplemental material for this article is available online at the Journal website). Thus increased strain in our tube model infers increased longitudinal tension in the tube wall.
The in-line digital camera had a fixed field of view; when tube narrowing approached maximum, parts of the tube wall moved out of the recorded image and thus were not included in the cross-sectional area measurements. Therefore, at high Pc levels, our reported values for lumen cross-sectional area are likely to underestimate the true value.
The simple geometry of the collapsible tube in our model is unlike the complexity seen in the human upper airway. As a consequence, the effects of longitudinal strain on the human upper airway are likely to be multifaceted with conformational changes that differ from those of a simple tube. In addition, the specific quantitative results obtained in this study will be unique to the nature of the tube studied. Nevertheless, the usefulness of these studies is to extract principles of tube behavior that may give insights into the behavior of the more complex in vivo pharyngeal airway. However, the applicability of the current findings to the human upper airway will require specific testing in physiological studies.
Tube function and lumen geometry: effects of strain and Pc.
The present study demonstrates that increasing Pc affects tube lumen geometry, promoting airway narrowing (see Figs. 7 and 8), inducing loss of function (see Figs. 2A and 3) , and ultimately producing near closure and fully developed airflow limitation (see Figs. 2B and 4 -6). In general, this effect is mitigated by increases in tube wall strain, such that, as strain levels increase, both the onset of airflow reduction (Fig. 3 ) and the establishment of airflow limitation (Fig. 4 ) require higher Pc.
As shown in Fig. 3 , across strain levels, there was an interaction between V 0 level and the Pc level inducing the onset of airflow reduction (i.e., PTH), such that higher values were required at low levels of V 0 . This is most likely explained by the contribution of intraluminal pressure at the collapse point (not measured in this study), since at low V 0 intraluminal pressure would be lower and a correspondingly higher Pc value would be required to achieve a transmural pressure sufficient to begin to narrow the tube. Once airflow began to decrease from V 0 levels and as strain levels increased, the onset of fully developed flow limitation occurred at higher Pc (Fig. 4) and lower airflow levels.
Differences in tube function with increasing strain can be attributed to changes in several tube mechanical characteristics. Application of longitudinal strain to a thin-walled cylinder results in development of longitudinal and circumferential stresses within the tube wall (3, 9, 26, 31) that resist the compressive effects of Pc (i.e., alter wall compliance). In addition, and with airflow present, there are complex and interactive effects associated with changes in tube length (3, 26, 31 ), Young's modulus (6, 41) , wall thickness (3, 26, 31) , lumen cross-sectional area (3, 26, 31) , and the number of folds generated during collapse (7, 27) . In the present tube, the overall functional outcome of these processes was delayed onset of tube function deterioration with increasing strain. However, this effect was nonlinear, with function best preserved at 25-37.5% strain accompanied by marked resistance to the development of flow limitation at 25% strain.
Preserved tube function at 25% strain. As demonstrated in Figs. 3 and 4 , PTH and PFL levels were greatest at the 25% strain level, whereas airflow was greater for a given Pu-d, and flow limitation failed to develop (Fig. 5) . We are not aware of any previous reports of this "optimizing" of tube function in either a Starling resistor bench model or in previous studies of the upper airway in animals or human subjects. However, our study is unusual in treating Pc as the independent variable inducing tube narrowing and the range of applied strain is greater than has been commonly studied (3, 9, 40) . Although others have examined the effects of longitudinal tension in collapsible tubes, their protocol and methods differ from those of the present study (3, 9, 26, 31) . The effect on pressure-flow relationships (3) or the effects of both altered length and tension (31) were not examined in these prior studies. A similar nonlinear change in pressure-flow relationships with increasing strain has been previously described for a single Pc of 22 cmH 2 O, but this study did not report an optimal strain (26) . The question thus arises as to whether this outcome is specific to our model or represents a more general phenomenon.
Wave speed theory has been used previously to explore flow limitation in floppy tubes. With the use of this approach, the flow-rate occurring at wave speed (V c ) is expressed as
where A is the lumen cross-sectional area, P tm is the transmural pressure, q is a correction factor for blunt velocity profiles (1.33 for Poiseuille flow), and is the fluid/gas density (ϳ1.2 kg/m 3 for ·dP tm /dA increases. Increased longitudinal tube wall strain increases axial tension and overall tube stiffness (3, 9, 31) but decreases tube lumen cross-sectional area (3, 9) . Consequently, as one term increases with increasing strain and the other decreases, there should be a theoretical "optimal" strain whereby A 3 ·dP tm /dA reaches a local maximum value; beyond this the strain-related decrease in cross-sectional area will tend to offset the effects of further increases in stiffness leading to a decrease in tube wave speed and thus V c . These theoretical considerations, using a different framework, suggest that the preservation of tube function at a particular strain demonstrated in the present study may be a more general phenomenon and that wave speed for our tube may be maximal under the 25% strain condition. Whether this general analysis applies to human upper airways or whether physiologically relevant pharyngeal wall strain levels reach levels that would produce a local wave speed maximum remain speculative issues requiring specific study.
Tube wall folds: effect on tube function. In the present study, airway lumen narrowing with increased Pc was characterized by bifold narrowing at strains Ͻ25% and trifold narrowing at strains Ն25%. Although the nature of the wall folding behavior in our tube model is undoubtedly influenced by specific geometry (e.g., tube manufactured with flat resting geometry, potential material inhomogeneities, influence of rigid cylindrical supports), the theoretical impact of wall folding geometry on tube function is well known in both the engineering (7, 27) and physiological literature [e.g., its role in the narrowing of bronchial airways in asthma has been extensively researched (24, 25, 42) ]. In general, the greater number of folds formed the more resistant the tube is to narrowing and closure. Indeed, there is evidence of mucosal wall folding in the human upper airway (22, 23) , but its contribution to upper airway wall mechanics has not been studied.
The relationship between the number of wall folds formed and the transmural pressure required to induce tube wall "buckling" (i.e., loss of stability identified by a sudden drop in tube cross-sectional area from baseline ) is expressed as (6, 41) :
where E is the Young's modulus, h is the wall thickness, n is the number of folds in the collapsed tube, r is the initial radius of the tube, and is the Poisson's ratio. The von Mises Pcrit represents a similar concept to the measurement of PTH in the present study (i.e., a measure of the onset of tube function failure). The expression does not take into account longitudinal strain and thus cannot be directly applied in the present study, although it provides particular insight into the impact of folding on tube wall stability. Assuming all other parameters remain constant, von Mises Pcrit is proportional to n 2 Ϫ 1, i.e., 3 for strains Ͻ25% (n ϭ 2) and 8 for strains Ն25% (n ϭ 3). Alteration in tube luminal geometry to threefold at 25% strain thus would likely contribute to an absolute decrease in magnitude for the buckling pressure and may explain the improved tube function compared with lower strains. However, for strains Ͼ25%, tube function deteriorated despite maintaining a threefold geometry. This finding suggests that other factors, such as reduced wall thickness and cross-sectional area (reflected in r for the von Mises Pcrit expression), overrode the influence of fold number and contributed to a decline in tube function. Overall, the combination of changes, including the onset of trifold narrowing, conspires to produce a more stable tube at the 25% strain level.
Implications for pharyngeal airway function. The impact of Pc on tube function in our model suggests that mechanical factors that increase peripharyngeal tissue pressure (17) (18) (19) (20) 44) may indeed exert effects on pharyngeal airway function via this mechanism. Demonstrated interactions between strain and Pc levels support the general physiological concept that the passive upper airway is more resistant to narrowing and the development of airflow limitation under conditions of increased strain (30, 38 -40) , even in the face of increased peri-pharyngeal tissue pressure.
An increase in lung volume above functional residual capacity in humans reduces upper airway resistance (2, 33, 36, 37) and increases pharyngeal lumen cross-sectional area (5, 11) , whereas lung volume reduction below functional residual capacity has the inverse effect (33, 36) . In subjects with obstructive sleep apnea, continuous positive airway pressure levels required to prevent upper airway flow limitation during sleep are lung volume dependent, with less continuous positive airway pressure required at higher lung volumes and vice versa (10) . This process is thought to be mediated via transmission of traction forces through mechanical connections between the trachea, chest wall, and peri-pharyngeal tissues (17, 30, 39, 40) . The present study provides support to the contention that this overall effect may be modulated via interactive outcomes modifying both pharyngeal wall longitudinal strain and surrounding tissue pressure (17, 30, 39, 40) . Our findings, however, also suggest potential mechanisms that do not feature in current theories describing upper airway airflow mechanics, in particular, the unique strain level associated with preserved tube function and the potential impact of wall folding geometry. There are no reported studies that have specifically explored these mechanisms in the context of the human pharyngeal airway. For example, questions such as whether, in an individual human, there is a unique lung volume associated with a more stable upper airway during sleep or whether wall-fold geometry influences pharyngeal airway collapsibility have yet to be investigated.
In conclusion, we demonstrated in a floppy tube Starling resistor bench model that the onset of airflow limitation, in response to increasing the surrounding Pc, was mitigated by increased longitudinal strain in a nonlinear manner such that tube function reduction was least with 25% strain and when tube lumen narrowing was characterized by trifold vs. bifold geometry. These findings are consistent with analyses of passive upper airway mechanics that implicate pharyngeal wall strain and peri-pharyngeal pressure as mechanisms underlying lung volume influences on upper airway patency, while raising concepts (nonlinear impact of longitudinal strain and wall fold geometry) that have not been previously linked with upper airway function.
